Stem cell sources for cell-based therapeutics are often screened for infectious agents and genetic diseases prior to implantation; however, there are other risk factors that are often overlooked, which may ultimately lead to less efficacious clinical outcomes. One such risk factor is exposure of mesenchymal stem cells (MSCs) to cigarette smoke or nicotine. Recent data have shown that exposure to cigarette smoke or nicotine leads to decreased regenerative potential, namely decreased proliferation, decreased migration, and decreased differentiation potential of exposed MSCs. This review provides a brief introduction into MSCs and their respective niches and a summary regarding the interactions of cigarettes and nicotine with MSCs populations. Specifically, the effects of cigarette smoke and nicotine on the regenerative potential of MSCs (i.e., proliferation, migration, and differentiation) will be covered with an emphasis on considerations for the development of future cell-based clinical trials and therapies. STEM CELLS TRANSLATIONAL MEDICINE 2017;6:1815-1821
INTRODUCTION
Mesenchymal stem cells (MSCs) are one of the most investigated sources of therapeutic stem cells for cell-based translational approaches. MSCs have shown to be multipotent, able to secrete soluble factors that induce wound healing, display a lack of immune response after transplantation, and are nontumorigenic [1, 2] . Complying with good manufacturing practices requires that, prior to transplantation, recipients and donors of these cells are screened for genetic and/or infectious agents that could alter MSC biological function and undermine treatment efficacy [3] . However, there are other, often overlooked, risk factors that may similarly contribute to less efficacious clinical outcomes. One example is exposure to cigarette smoke or one of its primary components, nicotine. Both whole cigarette smoke extract (CSE) and nicotine have been shown to negatively impact the regenerative capacity of MSCs [4] [5] [6] [7] [8] .
Cigarette smoking is the leading cause of preventable death worldwide. Despite initiatives to curb smoking in the U.S., 15.1% of U.S. adults actively smoke cigarettes [9] . Cigarette smoke exposure increases the risk of various cancers [9] and systemic diseases [9] in smokers; however, smoking is a difficult habit to quit due to the addictive property of nicotine. Nicotine replacement therapies (NRT) have been developed to help smokers overcome their nicotine addiction through gradually decreasing nicotine dose delivery regimens. NRTs, which come in the form of gums, transdermal patches, and lozenges, are Food and Drug Administration (FDA) approved and, under proper use, are effective aids to help smokers overcome their nicotine addiction. The electronic cigarette (ecig) is a new device that has been marketed as a "safer alternative" to cigarette smoking. However, unlike the gum, patches, and lozenges, these devices have not been fully regulated by the FDA and are still believed to cause major health concerns due to the concentrated delivery of toxic chemicals like nicotine, among others [10, 11] . Additionally, due to a lack of regulation, labeling and dosage of nicotine can vary widely among ecig products. Despite these concerns, ecig use continues to be on the rise. In the U.S. alone, ecig use has doubled amongst U.S. adults [12] and tripled amongst adolescents [9] within the last 5 years. This rapidly increasing user base, along with active smokers, necessitates that researchers and study coordinators are well versed on the effects of nicotine on MSCs and obtain detailed history on potential patient's nicotine usage.
Recent data have shown that exposure to whole cigarette smoke [8, 13] or even individual compounds such as nicotine [4] [5] [6] , the predominant toxin found in ecig vapors [14] and the addictive component of tobacco [15] , significantly inhibits the regenerative potential of MSCs. These cigarette and nicotineinduced changes to MSC biological function have been argued by some to be the underlying causes of various smoking-related diseases [16] . Yet, despite these results, the majority of clinical trial recruitment sites omit or disregard tobacco and/or nicotine usage history as exclusion criteria for patients donating or receiving MSCs for therapeutic applications, especially for applications related to cigarette smoking diseases. This review will highlight how nicotine is distributed to the various tissues in the body, and the effects of nicotine or cigarette smoke exposure on MSC regenerative capacity (proliferation, migration, and differentiation). It is our hope that the evidence presented in this review will support efforts for a more thorough screening of MSC donors and recipients to determine whether the cells being used for research, development, and/or transplantation have been exposed to toxic levels of cigarette smoke or nicotine that could potentially render them ineffective.
In compiling this review, we conducted all searches through the PubMed database (http://www.ncbi.nlm.nih.gov/pubmed). Search terms included the following: (mesenchymal stem cells OR stem cell) AND (nicotine OR cigarette smoking OR cigarettes OR electronic cigarettes OR cigarettes smoke extract OR ecig). Due to limited search results all species were included in this search. Background data were collected over all time frames; however, all articles studying the effects of nicotine on mesenchymal stem cells have been published within the last 10 years to ensure that this article reviews the current state of the field.
ROUTE OF EXPOSURE AND INTERACTION WITH MSCS
Exposure to cigarette smoke, which contains over 7,000 chemicals and 250 known toxins [8] , can occur through several different methods. Inhalation of mainstream or "first-hand" smoke is the predominant form of toxic exposure for active smokers and is generated from the filtered end of the cigarette [17] . Smoke produced from the lit end of the cigarette is considered sidestream or "second-hand" smoke and affects both active smokers and innocent bystanders [17] . "Third-hand" smoke is also a possible route of exposure occurring through direct contact with surfaces containing main-or sidestream smoke deposits [18] . Exposure to ecig vapor can occur in similar fashions, except ecigs do not produce any "sidestream" smoke.
Internalization of smoking and vaping-related toxins occurs primarily through the respiratory system (Fig. 1) . For specific compounds like nicotine, the subsequent absorption into specific tissues is largely dependent on tissue pH [19] . Nicotine is a weak base (pKa of 8.0) [19] and is more readily absorbed in slightly basic conditions where it is less "ionized" [19] . The oral cavity, the initial site of smoke exposure, is a slightly acidic environment. Fluecured cigarette smoke is also slightly acidic (pH 5.5-6.0), thus the two conditions do not make for efficient absorption in the oral cavity [19] . However, recent reports suggest that cigarette smoke may be more alkaline than originally thought [19] , thereby improving oral nicotine absorption. Ecig liquids, on the other hand, are characterized by a slightly more basic pH [20] . Therefore, nicotine delivered from these devices is believed to be more readily absorbed in the mouth. Nicotine has also been measured in smoker saliva, which traps ionized nicotine and maintains elevated levels of exposure in the mouth. In fact, salivary nicotine has been measured to be almost 87 times higher than in the blood plasma [21] . Exposure to such concentrated doses of nicotine is dangerous to MSC subpopulations residing in the oral cavity. Periodontal Figure 1 . Routes of exposure for stem cells to cigarette smoke. Mainstream smoke is inhaled by the users, where some nicotine is deposited in the oral tissue, and continues onto the lungs, where it is readily absorbed and carried throughout the body via the bloodstream.
ligament derived stem cells (PDLSCs), for example, reside in the periodontal ligament (PDL) and give rise to tooth supporting structures such as alveolar bone, PDL, and cementum [22] . In addition to their regenerative capabilities, PDLSCs are easily isolated following natural tooth loss or routine dental procedures [22, 23] and have had recent success in clinical trials [24] . Accordingly, PDLSCs are an ideal source of therapeutic stem cells. However, several recent reports have shown that nicotine exposure can negatively impact the regenerative potential of these cells. After the oral cavity, the smoke/vapor passes into the lungs, where the physiological pH (7.4) and large surface area of the alveoli facilitate rapid absorption of nicotine into the bloodstream for subsequent total body distribution via the circulatory system [19] . Table  1 provides peak nicotine concentration measurements taken from the saliva and blood plasma of smokers after cigarette or ecig use. These values represent the typical concentrations that tissue restricted MSCs might experience during use.
Once distributed within the tissues, nicotine is capable of interacting with resident stem cell populations through nicotinic receptors. Nicotinic acetylcholine receptors (nAChRs), believed to be the predominant mediators of nicotine's interactions with MSCs, are a prototypical ligand gated ion channel composed of five transmembrane subunits. In total, there are 16 different subunit varieties identified in humans so far: a1-7, a9, a10, and b1-4, g, d, and E [25] . Expression of nAChRs in MSCs has been well established. Gene expression analysis has confirmed the expression of a1-a5, a7, a9, and ß2-ß4 subunit mRNAs in human MSCs; however, further analysis revealed that MSCs only express a7, ß2, and ß4 subunit proteins [26] . Nevertheless, the only functional nAChR identified in MSCs is the homopentameric a7 receptor [27] . These receptors specifically gate for Ca 21 ions and, in the presence of receptor agonists like nicotine, increase intracellular calcium levels upon activation. Recently, Hoogduijn et al. showed that nicotine also leads to changes in intracellular pathways such as increased secondary messenger cAMP and phosphorylation of extracellular signal-regulated protein kinases (ERKs) [27] . This is of note, as ERKs are known to play a role in both proliferation and differentiation of stem cells [28] .
EFFECT ON PROLIFERATION
The ability to self-renew is one of the defining characteristics of stem cells and vital to their translational efficacy. To highlight the role that cigarette smoking may play on proliferation, Wahl et al. exposed human adipose-derived MSCs in vitro to CSE at various concentrations. At levels of 5% and 10%, MSCs displayed no viability; however, under 1% showed no significant difference in cell viability. This study highlights that above specific thresholds cigarette smoking can be very toxic to MSC populations [8] . These data, however, are only helpful in the empirical sense, as determining what concentrations specific compounds in extract are found in is unknown.
In vitro, human umbilical cord blood cells exposed to 0.5-1.5 mg/ml nicotine (3-9 mM) showed dose-dependent decreases in proliferation and increases in apoptosis (p < .05 for all concentrations) [29] . Significant decreases in proliferation have also been observed at concentrations as low as 0.1-10 mM (p < .05) [7, 30] . Evaluating changes in proliferation in vivo can be challenging; however, decreased proliferation rates have also been observed in MSCs isolated from chronic smokers without in vitro exposure to any additional smoke or nicotine after isolation. These cells showed a 2.53-fold decrease in proliferation compared with nonsmoker derived control cells. Decreased proliferation was still observed even after sub-culturing cells 3-5 times, suggesting that the effects of nicotine exposure may be permanent or last for several generations of daughter cells [13] . This result is very important for translational approaches as it highlights the need to gain a full history of nicotine usage for all potential stem cell donors.
Contrarily, several groups have reported an increase in cellular proliferation after nicotine exposure. Shen et al. showed that human MSCs exposed to 50-100 nM nicotine for 7 days showed significant increase in the cell number (p < .05); however, 1 mM nicotine significantly decreased cell concentration (p < .01) [5] . Kim et al. report that 1 lM to 100 lM nicotine was not sufficient to alter proliferation in vitro, but that doses between 1 and 2 mM increased proliferation, and over 5 mM decreased proliferation of human alveolar bone marrow-derived MSCs [4] . Although the There have been several theories to partially explain how nicotine alters proliferation of MSCs. One study suggests that the decrease in proliferation is dependent on the generation of reactive oxygen species. Culturing nicotine-exposed cells with the antioxidant vitamin C, for example, increases the rate of proliferation compared with 1 mM nicotine-exposed controls [5] . Other groups suggest that the decrease in proliferation may be a result of changes in the cell cycle induced by nicotine. Nicotine has been shown to induce an increase in the ratio of G0/G1 phase cells [29] . As G0 is considered the quiescent phase of the cell cycle, the increased ratio of cells in this phase may partially explain the observed decrease in proliferation induced by nicotine exposure [31] .
EFFECT ON MIGRATION
In addition to their self-renewing capabilities, MSCs also exhibit the ability to undergo cell migration. Much like their embryonic counterparts, which migrate extensively during early embryogenesis to achieve proper organogenesis [32] , MSCs migrate toward sites of injury and promote postnatal wound healing through the release of growth factors and cytokines and through direct differentiation [33] . This form of directed migration, termed "stem cell homing," is unique to MSCs and allows populations of resident or transplanted MSCs to achieve targeted delivery to diseased areas [34] .
The migratory potential of MSCs, however, can be affected by cigarette smoking. Zhou et al. were the first to report that cigarette smoking inhibited the targeted migration of transplanted MSCs to the uterus in an in vivo rat model [35] . An in vitro wound closure assay using MSCs derived from human smoker PDL yielded similar results [13] . On average, smoker PDLSCs migrated 12% slower than those isolated from nonsmokers (p < .05) resulting in decreased wound closure potential after 24 hours [13] . The authors of this study mention that the isolated cells were cultured in non-cigarette smoke media for several weeks prior to analysis. Therefore, the results also suggest that the effects of cigarette smoke exposure on MSCs could be irreversible, even after long periods of recovery, for example, cessation.
But just like proliferation potential, the effect of cigarette smoke exposure on MSC migration is dose-dependent. The migratory potential of human adipose-derived MSCs (hAMSCs), for example, was unaffected in vitro by CSE concentrations of less than 1%, but severely affected by concentrations greater than 5% [8] . In a separate study, the in vitro exposure to 100% CSE induced the epithelial to mesenchymal transition of breast epithelial cells and, thus, promoted MSC migration and invasion (i.e., metastasis) [36] . Given the results from the first set of CSE exposures, one would expect that the use of 100% CSE would be extremely detrimental to cell migration. However, the compared studies used different cigarettes and methods for the collection of CSE, and thus the percent extracts are not identical.
Individual cigarette smoking compounds, like nicotine, can also affect MSC migration. Schraufstatter et al. showed that 1 mM nicotine significantly increases the spontaneous migration of human, bone marrow-derived MSCs (hBMMSCs) in chemokine free cultures by more than 40% [26] . In chemokine-supplemented cultures, however, the addition of 1 mM nicotine significantly decreased MSC migration [26] . These effects were reversed by alpha bungarotoxin pretreatments, suggesting that nicotine's effects are likely mediated by a7 nAChRs. Ng et al. have also shown that hBMMSCs treated with 1 mM of nicotine experienced a 60% reduction (p < .05) in both migration distance and speed when compared with nontreated controls [7] . MSC derived from human PDL suffered a similar fate, but with reductions of only 38% (p < .05) [7] . Moreover, nicotine also downregulated protein tyrosine kinase-2 (PTK2) gene expression in both MSC populations (p < .01) and significantly upregulated PTK2-targeting microRNA miR-1305 expression in PDLSCs. These results are interesting because they allude to another possible mechanism behind the effects of nicotine on MSC migration.
EFFECT ON DIFFERENTIATION
MSCs are routinely considered for many regenerative medicine applications because of their ability to form a variety of cell types [37] . Transplanted cells, however, must be screened to avoid infectious or genetic diseases that can interfere with MSC function. Often overlooked is the presence of external factors such as cigarette smoking that can affect MSC differentiation potential and render cells ineffective for transplantation. The following sections aim to summarize how cigarette smoking and nicotine exposure affect the three main lineages of MSC differentiation.
ADIPOGENIC DIFFERENTIATION
Wahl et al. demonstrated that in vitro exposure to 0.5% CSE did not significantly affect the adipogenic differentiation potential of hAMSCs after 21 days as evident by similar adipogenic marker expression (i.e., PPARg, ADIPOQ, and LEP) and Oil Red O staining between treated and nontreated hAMSCs [8] . On the other hand, Ng et al. demonstrated that MSCs derived from cigarette smoker PDLs experience increased lipid production compared with nonsmokers even after several weeks of in vitro culture with nonexposed medias [13] .
Given such contrasting results and limited availability of references, it is difficult to determine the effect smoking has on MSC adipogenic differentiation. The former study models typical smoking exposure conditions in vitro with extract; however, additional analysis with regard to the measurement and concentration of smoking-related toxins was not performed. Therefore, it is impossible to determine if 0.5% CSE falls within the physiological ranges of toxic smoke exposure to reflect in vivo conditions. The results from the latter study, however, are much more indicative of in vivo conditions since the MSCs were extracted from actual smoking and non-smoking donors. Even so, the claim that smoking promotes the adipogenic differentiation potential of MSCs cannot be made due to a lack of exposure normalization between donors and small sample size of this study. Therefore, the effect of cigarette smoking on the adipogenic differentiation of MSCs remains inconclusive.
CHONDROGENIC DIFFERENTIATION
Wahl and Ng also investigated the effects of cigarette smoking on MSC chondrogenic differentiation. Wahl et al. demonstrated that chondrogenic induced hAMSCs exposed to 0.5% CSE caused an initial upregulation in aggrecan (ACAN) (6-fold, p < .0001) and chondrogenic transcription factor SOX9 (3-fold, p < .01) gene expression after 7 days of induction compared with non-treated controls in vitro [8] . Expression of both markers decreased and was comparable to non-treated control levels by 21 days [8] . Collagen type II alpha I gene expression was consistently below nonexposed control levels and Alcian Blue staining was slightly decreased in CSE-treated hAMSCs after 21 days; however, no statistical difference was observed [8] . Similar Alcian Blue results were observed by Ng et al.'s group in MSCs isolated from smoker PDLSCs after 14 days of differentiation [13] . The consistency of these results suggest that cigarette smoking is capable of undermining MSC chondrogenic differentiation; but, as previously mentioned, additional experiments with greater sample size and quantifiable levels of smoke exposure must be conducted in order to establish a more representative outcome.
Nicotine has also been shown to affect MSC chondrogenic differentiation potential. Rat BMMSCs treated with 25, 50, and 100 mM nicotine experienced dose-dependent decreases in ACAN and COL2A1 gene expression (p < .01 across all concentrations) and Alcian Blue staining (15, 51, and 95% reduction; p < .01) after 4-weeks of chondrogenic induction compared with nonexposed MSCs in vitro [38] . It should be noted that the nicotine concentrations used in this study are at least 2.5 times higher than the most extreme concentrations experienced by smokers (around 10 mM in saliva) [39, 40] and therefore nonrepresentative of actual use. More physiological concentrations were investigated by Ying et al. in a separate in vitro study using human BMMSCs. Ultimately, only the 10 mM nicotine inhibited Alcian Blue and sulfated glycosaminoglycan staining (p < .05) after 14 days, whereas 0.1 and 1 mM (physiological concentrations of blood and saliva, respectively), had minimal effect [41] . 10lM nicotine also downregulated COL-1 and COL-X (p < .05) gene expression, but showed minimal effect on ACAN and COL-2 expression. Less concentrated nicotine doses resulted in similar outcomes, except for the expression of COL-2, which was upregulated (p < .05) throughout the 21-day differentiation protocol [41] . hAMSCs show yet a different response to in vitro nicotine with 100 ng/ml (0.61 mM) causing a twofold increase (p < .05) in ACAN gene expression, but no change in COL-1 or COL-X after 14 days of chondrogenic induction [42] .
Although it is difficult to compare this results due to differences in differentiation protocol and cell source, it is easy to see that physiological doses of nicotine can negatively impact MSC chondrogenic differentiation potential. The inability to effectively produce aggrecan, an integral extracellular matrix proteoglycan, or collagen for example, could render MSCs ineffective for current stem cell-based therapies aimed at treating cartilage repair in debilitating diseases like osteoarthritis.
OSTEOGENIC DIFFERENTIATION
The osteogenic differentiation potential of MSCs is well known and has been extensively studied. Accordingly, MSCs have been routinely considered in therapies for metabolic bone diseases [43] [44] [45] [46] , and fracture fixation [47, 48] . Cigarette smoking, however, can deteriorate bone health and inhibit normal and reparative bone formation. Compared with non-smokers, cigarette smokers are more likely to experience osteoporosis [49] [50] [51] and delayed healing times following skeletal fracture [52] [53] [54] . These delays are partly due to the inefficient osteogenic differentiation of MSCs [8, 13] .
MSCs derived from smoker PDL have been shown to exhibit an overall reduction in calcium deposition and alkaline phosphatase production compared with nonsmokers after 14 days of osteogenic differentiation in vitro [13] . In the same study, smoker MSCs also experienced a significant upregulation in the expression of RUNX2-targeting microRNA miR-1305-a correlation that hints at a possible mechanism for smoking induced effects (13) . 0.5% CSE studies, on the other hand, have been shown to have a nonsignificant effect on hBMMSC calcium deposition after 20 days of in vitro culture [8] . Although CSE did upregulate RUNX2 (2.5-fold) and osteocalcin (2-fold) gene expression (p < .001) after 14 days induction [8] .
Nicotine exposure has also been associated with inefficient skeletal healing [55] . Nicotine is known to affect the osteogenic differentiation of MSCs in vitro [6, 7] and therefore likely contributes to these outcomes. Specifically, 1 mM nicotine exposure significantly decreases inherent RUNX2, COL1A1, COL1A2, ALPL, and OCN gene expression in both hBMMSCs and hPDLSCs (p < .05) and significantly upregulates the expression of RUNX2-targeting miR-1305 by more than 120-fold (p < .001) after just 3 days of exposure [7] . Decreased Alizarin Red S and alkaline phosphatase staining confirmed these results [7] . Zhou et al. observed similar results, and, in addition, demonstrated that the nicotinic effects were dose-dependent and mediated through a7 nAChRs [6] .
It should be noted that the results from Ng et al.'s 1 mM nicotine in vitro exposures showed similar trends with those of the smoker-derived MSC experiments. Even though cigarette smoke contains over 7,000 chemicals, the similarity of outcomes from the two studies suggest that nicotine is one of the more potent inducers of the effects seen in cigarette smoke exposures. Accordingly, 1 mM nicotine in vitro exposure studies could be used a model for an indication of in vivo exposure outcomes.
EFFECT ON PARACRINE SIGNALING
In many cell-based therapies, although improvement in conditions are observed, engrafted cells may not be observed [56] . It is hypothesized that the improvements that are observed are a result of paracrine signaling by the transplanted stem cells. These factors promote angiogenesis, and decrease inflammation among other processes. In hAMSC's, which were exposed to 0.5% CSE for 48 hours in vitro, investigators studied the release profile of 36 different cytokines secreted by MSCs. Of those studied IL-6 and IL-8 showed significantly (p < .05) lowered amounts secreted by those exposed to CSE. Both factors play roles in inflammatory response and angiogenesis and their decreased secretion may lead to delayed wound healing [8] .
In addition to their role in tissue regeneration, na€ ıve MSC's also perform a crucial role in the niche acting as players in the supporting role of hematopoietic stem cells (HSC's) which give rise to the cellular components of blood. Within the bone marrow niche HSC's colocalize next to MSC's that secrete factors such as Fibroblast Activation Protein. In models with MSC's removed anemia and bone marrow hypocellularity ensue [57] . Cigarette smoking has been shown to directly alter MSC's in the HSC niche. In MSC's that were isolated from mice that had been exposed to cigarette smoke for 9 months, aberrant gene expression changes were noted which span across several pathways of MSCs that are known to regulate HSC function which may lead to a loss of niche functionality [58] .
CONCLUSION
Together with the concern over the increasing use of highly concentrated nicotine e-liquids in ecigs, the results herein warrant further investigation into the biological effects of cigarette and nicotine use on MSC populations. Specifically, further investigation is needed in regards to the permanence of induced effects (i.e., reversible or irreversible after quitting) in areas such as tissue regeneration and paracrine potential-two of the most exploited characteristics of MSCs in translational approaches. Building this understanding will undoubtedly help to improve the efficacy of stem-based therapeutic applications especially in patients who have been exposed, or continue to be exposed, to cigarette smoke and other forms of nicotine delivery.
As this review has illustrated, cigarette smoking and nicotine use has the potential to undermine the regenerative capacity of numerous MSC populations. Stem cell-based therapeutic developers and study coordinators should be cognizant of these detrimental effects as they could potentially impact the results of predevelopmental research or, even worse, outcomes of stem-based interventions in candidate patients. Accordingly, stem cell donors and recipients should be extensively screened prior to study initiations in order to identify the extent of toxic exposure. Gathering information regarding daily consumption, concentration of eliquid nicotine, and frequency or length of use will help distinguish between dangerous and safe levels of exposure in prospective patients. By incorporating this information with other inclusion/ exclusion criteria, researchers can further hone in on the most ideal cells/candidates for research or transplantation.
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